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C omplementarity in quantum measurements is a core concept of quantum mechanics (1), closely related to Heisenberg's uncertainty principle, although the exact relation between the two remains a source of debate (2) (3) (4) (5) (6) (7) (8) . An example of complementarity is the double-slit interference experiment: If we measure a particle's position, the measurement will quench its wavelike nature; vice versa, observing the wave behavior via interference implies lack of knowledge of the particle's path. A canonical system for exploring complementarity is the quantum eraser, predominantly studied in photonic systems (9) (10) (11) (12) (13) (14) (15) (16) . A quantum eraser is an interference experiment consisting of two stages. First, one of the interfering paths is coupled to a "which-path" detector, resulting in loss of interference due to acquisition of which-path information. Second, the which-path information is being "erased" by projecting the detector's wave function on an adequately chosen basis; this renders the which-path information inaccessible, which allows reconstruction of the interference pattern.
Here, we present an implementation of a quantum eraser in an electronic system. Our system consists of two identical electronic Mach-Zehnder interferometers (MZIs) (17) entangled via Coulomb interactions. Initially proposed by Kang (18) and studied theoretically in (19, 20) , this setup consists of two MZI: one serving as a path detector and the other as the system interferometer, where the visibility of the Aharonov-Bohm (AB) oscillation in the system can be controlled by the detector (21) (22) (23) .
An electronic MZI is formed by manipulating quasi-one-dimensional, chiral edge channels, which are formed in the integer quantum Hall effect regime (17) . Potential barriers, formed by quantum point contacts (QPCs), take the role of optical beam splitters, transmitting and reflecting impinging electrons with amplitudes t i and r i , respectively, where jt i j 2 þ jr i j 2 ¼ 1 and
Two such coupled MZIs are shown in Fig. 1 , where the coupling is mediated by the lower path of the system and the upper path of the detector, referred to as interacting paths (shaded area in Fig. 1A) . Starting with the system, an electron injected from source S1 arrives at SQPC1 and is put into a superposition of being reflected into the interacting path and transmitted into the noninteracting path, namely, jS〉 ¼ r 1 j↑〉 S þ t 1 j↓〉 S , with j↑〉 S and j↓〉 S standing for the interacting and noninteracting paths of the system, respectively. The paths recombine and interfere at SQPC2, with the electron's probability of reaching the drain D2 being PðD2Þ ¼ jr 1 
where 
beams). (B)
A scanning electron microscope micrograph of the fabricated structure, which was realized in a GaAs-AlGaAs heterostructure harboring a high-mobility twodimensional electron gas. The edge channels were manipulated by biasing surface gates (bright gray) and surface etching. Ohmic contacts serve as sources (S1, S3) and drains (D2, D4), which allow electric access to the electron gas lying underneath the surface. The nanostructures were defined using electron-beam lithography.
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The Coulomb interaction between two electrons passing simultaneously in the interacting paths causes a slight mutual repulsion, which affects their trajectories and reduces the AB area in each MZI by dA g , which therefore adds a phase shift g ¼ dA g B=F 0 (25) . The closer the interacting edges, the larger the phase shift. The states of the detector are The system-detector complex is thus in an entangled state jY〉 ¼
where the detector's state provides which-path information about the system. Consequently, the system is dephased, as is evident from its transmission probability PðD2Þ
This can be understood as the average of two interference patterns of the system: one with the unperturbed AB phase and one with the added interaction phase g (Fig. 2, inset ). An equivalent view (26) stems from the realization that the detector's interacting path carries shot noise (because of the current partitioning by DQPC1), which leads to an at least partial dephasing of the system.
The visibility of the system, an indicator of its coherence, is determined by the overlap of the detector states,
In reality, the visibility of the system, without the presence of a detector, is limited because of uncontrolled dephasing from the external environment. Thus, the measured visibility of the system is v D2 ¼ xcosðg=2Þ ð 1Þ
where 0 ≤ x ≤ 1. The detector states' distinguishability (D), its efficacy in acquiring the which-path information, is complementary to the system's interference visibility, namely, (27) (28) (29) , hence D ¼ sinðg=2Þin the ideal case x ¼ 1; in other words, having the particle's which-path information, encoded in the detector's phase, comes at the expense of observing the particle's wavelike nature.
One can define the knowledge (K), the whichpath information measured in our detector at drain D4, as
namely, the difference in the detector's output currents, for a certain AB phase f D , when the system's electron takes either of the possible paths. Whereas the distinguishability D indicates the which-path information encoded in the detector state, the knowledge K indicates how much of it is actually accessible. Naturally, the knowledge is bound by the distinguishability, K ≤ D. The knowledge K can be continuously tuned by altering the detector's AB phase f D between gaining full which-path information (K = D) and fully erasing it (K = 0). Erasing the which-path information to allow recovery of the electron's wavelike nature can be accomplished by postselecting readings of the system's output according to the detector's reading. Experimentally, we measure the correlation between the current fluctuations in drains D2 (system) and D4 (detector) (19, 20, 23, 30) , which is proportional to the reduced jointprobability for simultaneously detecting electrons at the two drains
Note that the joint probability P(dD2 × dD4) is symmetric with regard to system and detector, which stresses the arbitrariness of their labeling. The expected visibility of the AB oscillation in the reduced joint probability is v D2D4 ¼ sin
, which also obeys a complementarity relation with the which-path knowledge:
. We realized the system-detector complex in a two-dimensional electron gas (2DEG) embedded in a GaAs-AlGaAs heterostructure. A quantizing magnetic field (B = 4.4 T) put the 2DEG in the second filling factor of the quantum Hall effect, with a base temperature of 12 mK and an electron temperature of~30 mK. Only the outer chiral edge channels (the lowest spin split Landau level) participated in the interference and the interaction, whereas the inner edge channels were fully reflected at QPC0, which precede QPC1 of both MZIs and, thus, played no active role. The outer edge channel, emanating from source contact S1 (S3), was split at SQPC1 (DQPC1) into two paths that subsequently interfered at SQPC2 (DQPC2). The AB phase is controlled by changing the area enclosed between the interfering paths via the system's modulation gate SMG (detector's DMG). The second filling factor was chosen because the devices were more stable and the visibility of the AB oscillation was reasonably high under these conditions; however, the two interacting paths were partly screened by the adjacent unbiased inner channels, which weakened the mutual interaction. The system's output current 〈I D2 〉 ð〈I D4 〉Þ, measured in drain contact D2 (D4), was proportional to the phase-dependent transmission probability P(D2) [P(D4)]. For half transmission of QPC1 and QPC2,
, the visibility reached x ¼ 0:66 in each MZI. Interaction between system and detector via the interacting paths, counterpropagating along 6 mm and separated by less than 2 mm, was controlled by surface gates, while avoiding tunneling between the interacting paths.
Under these conditions, the system's differential visibility v D2 was measured as a function of the detector's source current I S3 (Fig. 2) . The visibility v D2 decreased by some 15% when Fig. 2 . Dephasing of the system by entanglement with the detector. The system visibility is reduced as the detector current is increased (dots). Red solid line: fit to Eq. 1 yielding x ¼ 0:66 and g ¼ p=6 at I S3 = 1 nA. (Inset) Schematic representation of the AB-dependent current at D2, shown separately for electrons that did (dashed black line) and did not (solid black line) receive a "g shift." The average of the two (red line) has AB oscillations with the same periodicity but reduced amplitude (partial dephasing). increasing the input current to 1 nA. This can be understood in two ways: (i) With the increased current, more electrons pass at any time through the interacting path of the detector, which increases the total phase shift a system electron undergoes and consequently the acquired whichpath information, and (ii) in terms of interaction, potential fluctuations in the detector's interacting path increase with current, which leads to stronger dephasing of the system. If one assumes a linear dependence of g on I S3 , the data fit theory with g ≈ p=6 at I S3 = 1 nA (Fig. 2, red line) . Although dephasing due to power dissipation could also take place, it would not affect our main results; thermally induced dephasing is irreversible and, as such, cannot contribute to phase recovery by quantum erasure. Moreover, the consistence between the above value for g and that obtained from the cross-correlation data (see below) suggests that dephasing due to power dissipation is minor. Also, note that the transmission of DQPC2 was varied and was found to have no effect on the dephasing of the system.
After quantifying the strength of interaction, equal source currents I S = 0.5 nA were fed into both MZIs. The interacting paths were set to obtain maximal interaction, void of interchannel tunneling. Three zero-frequency correlation signals were measured simultaneously: (i and ii) autocorrelation of each drain current, 〈dI 2 D2 〉 and 〈dI 2 D4 〉, and (iii) cross-correlation of the two drain currents 〈dI D2 dI D4 〉. All three were measured as a function of SMG, which affected the system's phase f S , and the decaying magnetic field, which affected both f S and f D .
The autocorrelation of each interferometer is proportional to its shot noise. In the case of the system
where P(D2) is the average transmission of the system. The shot noise oscillated at half the periodicity of the conductance (Fig. 3, B and C) . The color plot in Fig. 3A was obtained by letting the magnetic field decay slowly while the voltage of SMG was scanned faster. Note that the magnitude of the shot noise in each MZI was considerably larger than predicted by Eq. 4, a phenomenon that was previously observed (23) . Although this phenomenon remains unexplained, it could result from unobservable high-frequency charge fluctuations, which cause fluctuations in the AB phase that lower the visibility right from the start, as they are down-converted to the measured frequency by the partitioning of QPC2. Our main result lies in the AB dependence of the zero-frequency cross-correlation between current fluctuations in D2 and D4, 〈dI D2 dI D4 〉 (Fig. 4A) . The cross-correlation signal, merely 4 × 10 −30 A 2 /Hz, was extracted by a digital band-pass filter and compensated for the unavoidable magnetic field dependence of the system's interference pattern.
It may be easier to understand the crosscorrelation color plot with two cuts at specific magnetic fields (Fig. 4B) : One cut at DB = 103 mT (relative to B = 4.4 T), with rather strong oscillations in the cross-correlation as a function of V SMG , and another at DB = 140 mT, with reduced cross-correlation oscillations. The AB oscillations in the cross-correlation retrace qualitatively the lost interference; the dependence of the crosscorrelation visibility on DB is plotted in Fig. 4C .
The amplitude of the "checkerboard" pattern, observed in Fig. 4A , drops as g 2 when the interaction is reduced (Eq. 3, g << p). Therefore, as the interacting edges were separated, the distinctive checkerboard pattern vanished altogether (fig. S1 ); future works should be able to see the gradual quenching of the pattern as the interacting edges are carefully brought apart. This behavior is consistent with the systemdetector's mutual interaction acting as the dominant source for the observed results.
In a more quantitative fashion, we compared the visibility of the cross-correlation oscillation (a wavelike property) with the which-path knowledge K (a particle-like property), which is obtained by an approximation of Eq. 2: for g << p; K ðf D Þºjg dID4 df D j. Although being available from the AB conductance oscillation in the detector, we obtained the above derivative from the autocorrelation signal 〈dI 2 D4 〉, which was measured simultaneously with the crosscorrelation signal. Plotting the cross-correlation visibility (Fig. 4C ) and the knowledge, K (Fig. 4D) , their anticorrelated dependence on DB is evident. The small shift between the two dependencies is attributed to the finite g, which we estimate from the shift to be g ≈ p=12 for I S3 = 0.5 nA; this is consistent with the previously found g ≈ p=6 for I S3 = 1 nA. The oscillations in the cross-correlation visibility are larger than the expected sin 2 ðg=2Þ ¼ 0:017 (Eq. 3), similar to the excess noise in the autocorrelation. The anticorrelation between the cross-correlation visibility and the which-path knowledge demonstrates that erasing which-path information allows recovery of the system's wavelike nature.
Two major differences between electrons and photons, which are customarily used in this type of experiments, are their exchange statistics and strong coulomb interaction. The former allows a highly controlled autocorrelation and noise-free current, because of Pauli's exclusion principle; the latter makes the electrons vulnerable to dephasing but, at the same time, allows control of the entanglement strength and phase manipulation. Our work can be expanded upon by realizing a delayed choice (31) or a spin-entangled device (32), or a three-electron-entangled (GHZ) state (33) . Moreover, the electronic quantum eraser could be used to measure weak values (34) or the Bell inequality (35) for the entangled electrons. There is near anticorrelation between (C) the oscillation visibility and (D) the which-path knowledge, which shows that quantum erasure allows the recovery of interference; the dashed lines serve as guides to the eye. The slight shift from perfect anticorrelation allows us to estimate g ≈ p=12 for I S3 = 0.5 nA.
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